the addition of unlabeled lysine to the bacterial suspension. In contrast to this homologous antiport reaction, we observed net uptake of lysine in lysine-depleted cells of a lysine auxotrophic strain. This net uptake was found to be electrogenic and could also be observed as a heterologous antiport reaction in wild-type cells under particular conditions. In this case exchange was mediated between internal lysine and external alanine, isoleucine, or valine. This antiport was electrogenic, since the substrates differ in charge. The cells can switch between electroneutral homologous exchange and electrogenic heterologous antiport mode during fermentation because of changing metabolic conditions.
Bacteria of the genera Brevibacterium and Corynebacterium are widely used for the industrial production of amino acids, in particular glutamic acid and lysine. Whereas a considerable amount of data exist concerning the physiology of these bacteria, especially under conditions of amino acid overproduction (18) , very little information is available concerning transport processes in corynebacteria (2, 17, 24) . Recently we have published studies about uptake and excretion of isoleucine (8, 9) and glutamate in these bacteria and possible interactions between import and export (11, 12) .
Selected strains of C. glutamicum with mutations in the lysine biosynthesis pathway are potent lysine producers (18) . For a detailed understanding of the secretion process, the elucidation of the mechanism of the uptake is indispensable for at least two reasons. There may be futile cycling due to the two counteracting transport systems, which can lead to an underestimation of the true transport rates. Furthermore, it has been postulated that excretion of glutamate in C. glutamicum is mediated by reversion of the uptake process (3) .
Because of primary active proton pumping, these bacteria maintain a membrane potential. Since on the inside a surplus of negative charges prevails, accumulation of cations is in principle facilitated. Thus, the most simple uptake mechanism for lysine in bacteria would be the uptake of this cationic amino acid driven by the membrane potential according to a uniport mechanism. This in fact takes place in several cases, for example in Staphylococcus aureus (19) and Escherichia coli (20) . However, a variety of other transport mechanisms have also been described for lysine uptake in different bacteria. These include the ATP-dependent uptake system for lysine, arginine, and ornithine in E. coli (22) , proton symport in Lactococcus lactis (6) , and also participation in a counterflow process mediated by the arginine-ornithine antiporter in L. lactis (6) . Lysine uptake in C. glutamicum was also investigated previously by Luntz al. (15) , who suggested a H' symport mechanism for uptake of this amino acid.
In the present paper we demonstrate that lysine uptake in C. glutamicum is mediated by an antiport system showing some unique properties. The antiport system can function in both an electroneutral and an electrogenic mode. The former mediates homologous lysine-lysine exchange, whereas the latter catalyzes net uptake under special metabolic conditions.
MATERIALS AND METHODS
Growth of C. glutamicum. C. glutamicum ATCC 13032 (wild type) was grown under aerobic conditions on a rotary shaker (150 rpm) in the following media (amounts, grams per liter): complex medium (peptone from meat, 15.6; yeast extract, 2.8; NaCl, 5.6; glucose, 25 [pH 7] ) and mineral medium [(NH4)2SO4, 5; urea, 5; KH2PO4, 2; K2HPO4, 2; MgSO4 -7 H20, 0.25; FeSO4 * 7 H20, 0.01; MnSO4* H20, 0.01; CaCl2 * 2 H20, 0.01; biotin, 2 x 10-4; glucose, 25 (pH 7) ]. The lysine auxotrophic mutant 39/28 (this institute) was grown in the same media. The mineral medium was supplemented with up to 1 mM lysine for this purpose. The auxotrophic mutant has a defect in the last enzyme of the lysine biosynthesis (diaminopimelate decarboxylase, EC (26) . The application of this method for C. glutamicum was described in detail elsewhere (8) .
ApH was measured by determining the distribution of weak acids and bases (23 (13) . By using the internal cell volume, true internal concentrations could be calculated.
RESULTS
Resting cells of C. glutamicum are capable of taking up L-[14C]lysine; the time needed for reaching equilibration was about 2 h (Fig. 1) . We proved by using thin layer chromatography that lysine was not significantly degraded during this time; nearly all radioactivity was found in one spot with the Rf value of a lysine standard. More than 95% of the total radioactivity was recovered after 2 h. The equilibration level in the steady state, as determined by distribution of radiolabel (10 pLM lysine, external concentration), corresponded to a 100-to 200-fold accumulation. The transport system had a relatively high affinity (about 10 puM) and a low maximum velocity (about 0.15 nmol/min per mg [dry weight]) when grown in mineral medium as determined by reciprocal plots (not shown). This corresponded well with the observed long times needed for equilibration (Fig. 1) . The measured transport activities differed only slightly when determined in different growth phases or when compared between mineral and complex medium (0.2 to 0.3 nmol/min per mg [dry weight]). Addition of lysine in the growth medium did not change the uptake rate significantly.
In order to characterize the mechanism of transport, the influence of several inhibitors on lysine uptake was tested. All inhibitors were added 1 min before the uptake experiment was started. Valinomycin (10 puM) in the presence of up to 10 to 300 mM KCl (pH 7.5) did not alter the initial uptake rates significantly. We determined by 86Rb distribution that the membrane potential was diminished to 95, 40, and 20 mV in the presence of 10, 100, and 300 mM KCl, respectively, in comparison with 120 mV for cells without added ionophore. The corresponding uptake activities were 108, 94, and 78% for membrane potentials of 95, 40, and 20 mV, respectively, in comparison with that of untreated cells. Even after complete deenergization by valinomycin (10 ,uM) plus nigeri-cin (2 p.M) at pH 7.5, we observed an unchanged transport activity (95%). Addition of CCCP (7 and 35 p.M) at pH 7.5 reduced the initial uptake rates only by about 16 and 28%, respectively. Sodium arsenate (10 mM) and sodium cyanide (5 mM) did not affect the uptake rates at all. Thus, neither the membrane potential nor the proton gradient, which was zero at pH 7.5 as determined by the distribution of ['4C] benzoate, seemed to be driving forces of lysine transport. We further determined that the cytosolic ATP level, which was also significantly lowered from typically 4 to 2 mM by valinomycin, CCCP, or cyanide, was apparently without any effect on transport. These results were clearly in contradiction to those of a uniport mechanism of uptake. In this case strong correlation to the membrane potential would have been expected.
We therefore controlled by chemical analysis whether the observed uptake of label by C. glutamicum really represented accumulation of lysine in the cytoplasm. These investigations led to the following results. (i) The observed steady-state equilibration of the radiolabel was in agreement with the measured concentration ratio of internal versus external lysine. We found a 71-fold accumulation by using ['4C]lysine and a 107-fold accumulation by using chemical determination of lysine after 120 min of equilibration with 10 jiM lysine at the outside under standard conditions. If the external concentration of lysine was increased to 100 jiM the accumulation ratios were 13-and 12-fold, respectively, under the conditions described above. (ii) Concomitant with the uptake of radiolabel, no significant changes in the internal and the external lysine concentrations as measured by HPLC were detectable. (iii) Only small amounts of internal
[14C]lysine were released after washing procedures (see Fig.   5 ). (iv) Lysine was not unspecifically bound to the cells, since it could completely be released by the use of 0.1% cetyltrimethylammonium bromide, which permeabilizes the cells. These results demonstrate that the cells were not able to accumulate lysine under these conditions but could maintain substantial concentration gradients over long periods (Fig. 1) .
A logical explanation for these data would be an exchange between internal (unlabeled) and external (labeled) lysine by an antiport mechanism. In order to test this hypothesis cells were first equilibrated with [14C]lysine, and then unlabeled lysine was added in excess.
[14C]lysine was in fact rapidly exchanged against added unlabeled lysine (Fig. 2) . The internal lysine concentration did not change after this addition (not shown). The new equilibration level depended on the ratio between internal and external lysine. If the cells were rapidly washed after equilibration, release of label was slow but could be drastically stimulated by the addition of unlabeled lysine (see Fig. 5 ). The independence of possible driving forces on the one hand and the missing net uptake of lysine on the other hand are only in agreement with an obligate antiport mechanism catalyzing a homologous exchange of lysine against lysine.
This mechanism obviously seems to be useless for the cell; thus, we were trying to find conditions in which a heteroexchange could be observed. Various substances were tested as possible heterologous antiport substrates under the same conditions as used for the lysine exchange shown in Fig. 2 (concentrations in mM): (NH4)2SO4, 50; arginine, 1; ornithine, 1; urea, 100; isoleucine, 1; leucine, 10; threonine, 1; methionine, 1; betaine, 1; diaminopimelate, 1; spermine, 1; spermidine, 1; cadaverine, 1 which the external pH is lower than 6 (8). Since addition of 2 pRM monensin (with 1 mM NaCl [pH 7.5]) had some inhibitory effect on the uptake rate (34% reduction), we also controlled whether the sodium gradient in fact affects the transport rate. In these measurements cells were washed with sodium-free buffer (about 50 ttM Na'). Assay buffers for determination of uptake activity contained sodium concentrations of between 50 p.M and 100 mM. No significant change in the initial transport rates could be observed. Thus, the slight inhibition by monensin had to be attributed to secondary effects, presumably a change in the internal pH (see above). The same range of concentrations (20 p.M to 300 mM) was tested in order to determine the influence of potassium gradients in which cells washed in potassium-free buffers were used. Variation of the potassium gradient did not exert any effect on the uptake rate.
Since substrates for heterologous antiport could not be found among all these substances, we applied a different experimental approach. By definition, lysine auxotrophic strains have to take up lysine. Nevertheless, in resting cells of a lysine auxotrophic strain (strain 39/28) the same homologous lysine-lysine antiport was observed as in the wild-type strain (Fig. 2) . During fermentations in mineral medium, however, this strain consumed externally added lysine as expected. Because under these conditions uptake rates were very low and difficult to detect, we used the method of short-term fermentation. Lysine auxotrophic cells were grown overnight in complex medium to late-exponential phase. Cells were washed twice in warm mineral medium without substrates and then suspended at a concentration of 4 mg (dry weight) per ml in mineral medium in the presence of glucose and lysine. Growth of the cells could be observed until the external lysine was consumed down to the detection limit (<5 ,uM). Transport rates of up to 0.5 nmol/min per mg (dry weight) were measured under these conditions. This value differs somewhat from that determined by reciprocal plots (0.15 nmol/min per mg [dry weight]). The reason for this could have been the different growth conditions; however, a slight induction due to the presence of lysine could not be excluded.
The fermentation course could be divided into two phases (Fig. 4) . In the first 10 min, lysine-lysine exchange took place, i.e., label was taken up, but no net uptake of lysine occurred. For the sake of clarity we indicated by dashed lines the calculated changes of the internal and external lysine concentrations which would have been expected if uptake of label would in fact represent uptake of lysine (Fig.  4) . After 20 min, net uptake (second phase) began. Because the radiolabel was in equilibrium with the internal concentration, the internal label diminished concomitant with the depletion of the internal lysine pool because of protein synthesis. The accumulation ratio maintained by these cells was relatively low, i.e., not more than 40-fold. Taking into account that other amino acid antiporters frequently exchange one amino acid against another (for an example, see reference 4), the external amino acid pattern during the uptake of lysine was observed. However, no significant changes could be detected.
In resting cells amino acids can be detected with higher sensitivity because of significantly lower amounts of contaminating substances. Thus, we tested resting cells which had totally consumed externally added lysine before the medium was removed by washing. This corresponded to cells from the experiment shown in Fig. 4 harvested after 5 h. These cells still showed significant net lysine uptake activity. Under these conditions a possible antiport substrate should appear in the external medium. Chromatograms of the respective supernatants showed only minor changes. C. glutamicum always excreted some alanine, and occasionally a small increase in the external valine concentration could be detected (data not shown). Both amino acids were tested for whether they could mediate an antiport with lysine, by again using the wild-type strain under standard conditions. Cells were equilibrated with ['4C]lysine; after a short washing step the putative exchange substrate was added, and the release of label (lysine) was measured ( Fig. 5 and 6 ). Although this (1 mM), for example, was not able to mediate antiport. The radioactivity which disappeared on the inside completely appeared on the outside. Thus, the decrease of internal label was not due to metabolism or protein synthesis but to the antiport reaction. We could quantitate the transport reaction also by HPLC measurements. The internal lysine pool was diminished from 6 to 0.5 mM within 90 min after the addition of alanine (10 mM). Simultaneously, 35 ILM lysine appeared at the outside. The volume ratio of 160 (medium volume to cytoplasmic volume) corresponded perfectly with these data; thus, the total internal lysine appeared on the outside. The same held true for experiments adding 10 mM of either isoleucine or valine. Other amino acids, such as glutamic acid, threonine, arginine, glycine, and glutamine, in concentrations of 10 mM exerted only small effects; however, serine led to some efflux of lysine (about 40% exchange) at very low rates (Fig. 6) .
If this mechanism indeed accounts also for net uptake of lysine by cells of the lysine auxotrophic strain, this uptake process should be electrogenic. Net uptake no longer occurred in lysine-depleted, resting cells of the auxotrophic strain when the membrane potential was abolished (Fig. 7) . Internal and external lysine concentrations were measured by using HPLC, because the uptake of labeled amino acid could in principle also represent homologous exchange. This seemed in fact to be the case. Addition of valinomycin in the presence of 300 mM KC1 caused no change in the uptake of label (Fig. 7B) , whereas net uptake immediately ceased (Fig.  7A) . However, we could not detect alanine excretion which correlated to lysine uptake (see Discussion). Thus, as an alternative method for identifying alanine as the antiport substrate in these experiments, we tested whether alanine could compete with lysine for uptake under conditions of a reduced membrane potential. We had to again use the assay in this transport direction because competition on the insides of the cells cannot be tested. In the presence of 0.1 mM external lysine, 1 mM alanine inhibited the transport about 35% and 10 mM alanine inhibited transport about 80%. Thus, concentrations typically measured for the internal alanine pool (5 to 30 mM) could indeed change the transport mechanism from homologous lysine-lysine to heterologous alanine-lysine exchange.
DISCUSSION
We showed that uptake of radiolabeled lysine by resting cells of C. glutamicum (wild type) is mediated by an electroneutral homologous lysine-lysine exchange, as characterized by the following observations. Transport was insensitive to uncouplers and ionophores. No net uptake of lysine could be detected during uptake of label. Furthermore, cells equilibrated with ['4C]lysine rapidly released internal label when unlabeled lysine was added. These results clearly argue for an obligate antiport system and cannot be explained by exchange diffusion, a mechanism generally observed for uniporters in equilibrium (10) . Although in the latter case the transport of label in the assay would be similar to an antiport mechanism, which had in fact led to the interpretation of lysine transport as exchange diffusion (15) , the effects of ionophores on the initial rate would be completely different.
Instead of consuming lysine, the wild-type strain rather tended to produce this amino acid during fermentation. Thus, net uptake of lysine could successfully be investigated only by the use of a lysine auxotrophic strain. Some remarkable properties of this transport system were elucidated in these investigations. The lysine antiporter can function both in an electroneutral and in an electrogenic mode. No net charge is translocated when homologous lysine-lysine exchange takes place; consequently, this mode does not sense the membrane potential. However, if the antiporter exchanges lysine against alanine, valine, or isoleucine, vectorial movement of charges occurs; consequently, the transport then senses the membrane potential. This was also shown in the wild-type strain and is thus no particular property of the auxotrophic mutant. To our knowledge a similar mechanism has only been described recently for the oxalate-formate exchange in Oxalobacter formigenes (1) . We clearly observed switching between the two different functions. When resting cells of the lysine auxotrophic strain were transferred into medium containing lysine and glucose (Fig. 4) , homologous exchange was maintained only for a few minutes. After this time the transport system switched to the net uptake mode. This state was relatively stable, since cells harvested and washed after depletion of the internal lysine pool retained the ability for net uptake (Fig. 7,  legend) . This transport function was demonstrated to be electrogenic, which is also a property of the alanine-lysine antiport measured in the opposite direction (Fig. 5) . Rates of net uptake in lysine-depleted resting cells were similar to rates determined by the Michaelis-Menten diagram (about 0.2 nmol/min per mg [dry weight]).
Lysine uptake in C. glutamicum was also recently investigated by Luntz et al. (15) . We will briefly discuss the significant differences with the data presented here, both in measurements and interpretation of the results. Luntz Although we in fact measured a pH optimum for transport of higher than 7.5, the transport activity changed less than twofold in the range from pH 7 to pH 9, whereas the concentration of dipolar ion changed about 100-fold. Some of the effects measured by Luntz et al. (15) can in fact easily be explained by the internal pH switch which we described in Results. Nigericin in the presence of 10 puM KCl significantly decreased the internal pH because of K+-H' antiport which led to transport inhibition. Despite these differences in the transport mechanism, one essential feature was also described by Luntz et al., namely, the exchange between internal and external lysine. On the basis of results from experiments using different ionophores the exchange was, in contrast to our results, explained as exchange diffusion, which is typical for uniporters in equilibrium (10) . However, it was also stated by the authors that release of radioactivity after a washing procedure was possible only after addition of lysine to the medium, which would not be in agreement with this mechanism. We would like to mention that the data measured by Luntz et (16) , exchange systems have the advantage that in times of famine, loss of essential substrate is self limited. This would perfectly agree with our results. Resting cells (famine) of the wild type only showed homologous exchange. Furthermore, the affinity for the import substrate (lysine) is much higher than for the putative antiport substrate.
